Upon detection of pathogen-associated molecular patterns, innate immune receptors initiate inflammatory responses. These receptors include cytoplasmic NOD-like receptors (NLRs) whose stimulation recruits and proteolytically activates caspase-1 within the inflammasome, a multiprotein complex. Caspase-1 mediates the production of interleukin-1 family cytokines (IL1FCs), leading to fever and inflammatory cell death (pyroptosis) 1,2 . Mutations that constitutively activate these pathways underlie several autoinflammatory diseases with diverse clinical features 3 . We describe a family with a previously unreported syndrome featuring neonatal-onset enterocolitis, periodic fever, and fatal or near-fatal episodes of autoinflammation. We show that the disease is caused by a de novo gain-of-function mutation in NLRC4 encoding a p.Val341Ala substitution in the HD1 domain of the protein that cosegregates with disease. Mutant NLRC4 causes constitutive IL1FC production and macrophage cell death. Infected macrophages from affected individuals are polarized toward pyroptosis and exhibit abnormal staining for inflammasome components. These findings identify and describe the cause of a life-threatening but treatable autoinflammatory disease that underscores the divergent roles of the NLRC4 inflammasome.
Secretion of IL1FCs (IL-1 and IL-18) normally requires two signals. 'Signal 1' , from membrane-spanning receptors (for example, Toll-like receptors), induces the expression of pro-IL1FCs 2 . 'Signal 2' , from cytosolic detectors including NLRs, leads to procaspase-1 autoproteolysis and activation 1 . Cleaved caspase-1 converts pro-IL1FCs into their active forms 2, 4 . One NLR, NLRC4, cooperates with NAIP to detect flagellin and components of the type 3 secretion system (TTSS), used by Salmonella typhimurium and Pseudomonas aeruginosa to infect host cells 5, 6 . Upon ligand binding, NAIP and NLRC4 oligomerize and recruit the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD) 7, 8 . This macromolecular NLRC4 inflammasome (>1 µm in diameter) induces autoproteolysis of procaspase-1, with subsequent IL1FC secretion and pyroptosis 1, 7 . Mutant mice that cannot colocalize ASC and cleaved caspase-1 lose the ability to produce IL1FCs yet retain pyroptosis 6, 9, 10 .
The index case in our study (Fig. 1a, III. 3) presented at 1 week of life with secretory diarrhea and fever (38.8 °C); no infectious cause was identified. Markers of systemic inflammation were at elevated levels, including ferritin (4,840 ng/ml; normal range of 18-370 ng/ml) ( Fig. 1d) and C-reactive protein (Supplementary Table 1 ). The numbers of natural killer (NK) cells were reduced. Hypertriglyceridemia, hypofibrinoginemia, coagulopathy and pancytopenia developed, culminating in death on day 23 from diffuse alveolar hemorrhage. Autopsy found splenomegaly, numerous activated (CD163-positive) macrophages infiltrating the central nervous system (Supplementary Fig. 1 ) and widespread bowel autolysis. Remaining intestinal tissue showed the presence of mixed inflammatory cells and villous blunting (Fig. 1b, top) .
Two days after the funeral for the index case, his 43-year-old father (Fig. 1a, II. 3) presented with fever (40.6 °C), acute respiratory distress syndrome, subarachnoid hemorrhage and hematochezia; disseminated intravascular coagulation and pancytopenia developed, with elevated levels of ferritin (29,200 ng/ml), IL-18 (11,934 pg/ml; normal range of 69-503 pg/ml), C-reactive protein and soluble IL-2R (Supplementary Table 1 ). Bone marrow biopsy showed erythro-and myelophagocytosis (Fig. 1c) . Ultrasonography showed splenomegaly. NK cell lymphopenia was prominent. As no infectious agent was isolated, high-dose intravenous immunoglobulin, dexamethasone and cyclosporine were instituted for immunosuppression. The father gradually improved and was discharged after 9 weeks, remaining on cyclosporine; serum ferritin levels normalized, but IL-18 levels remained markedly elevated (Fig. 1d,e) . He subsequently reported a lifelong history of periodic fevers (>40 °C) provoked 1 1 3 6 VOLUME 46 | NUMBER 10 | OCTOBER 2014 Nature GeNetics l e t t e r s by physical and emotional stressors. During infancy, he had an extended hospitalization for fever, vomiting, non-bloody diarrhea and failure to thrive; no specific diagnosis was made. His gastrointestinal symptoms resolved by 1 year of age. In adulthood, erythematous plaques and joint pains accompanied fevers; sero-negative psoriatic arthritis was diagnosed.
The father's family history included healthy parents and two additional offspring, one without illness and a 5-year-old half-brother (III.2) of the deceased infant (III.3) who also had periodic fevers (range of 38.9-40 °C) beginning on day 3 of life after circumcision. A more severe febrile episode associated with vomiting, nonhemolytic anemia and acute renal failure occurred at 6 weeks of age (Supplementary Table 1 ). Later, his fevers were induced by overexertion and were accompanied by abdominal pain. A duodenal biopsy in the first year of life found villous blunting and the presence of intraepithelial lymphocytes (Fig. 1b, bottom) . The levels of inflammatory markers including ferritin (516-856 ng/ml), C-reactive protein, soluble IL-2R and plasma IL-18 (11,520-24,129 pg/ml) were persistently elevated (Fig. 1d,e) . NK cells, normal in number, were dysfunctional as determined by chromium release assay (Supplementary Table 1 ).
Clinical signs of chronic inflammation included short stature (<3rd percentile for height and weight) and recurrent myalgias.
During the index case's acute illness, the possibility of a new genetic syndrome was considered, leading to exome sequencing of the index case and his parents (Online Methods). Clinical features suggesting hemophagocytic lymphohistiocytosis led to the examination of genes implicated in this syndrome 11 ; no rare variants were identified (Supplementary Table 2 ). Upon the father's illness, 34 new proteinaltering variants (absent in dbSNP, 1000 Genomes Project, National Heart, Lung, and Blood Institute (NHLBI) and Yale exome databases) shared by the index case and his father were identified, including 6 occurring at positions that were invariant among orthologs (Supplementary Table 3 ). Whereas none of the altered genes cause known inflammatory diseases, one variant was identified in NLRC4, which encodes a core inflammasome protein. This variant encoding a p.Val341Ala substitution affected helical domain 1 (HD1), which provides a 'lid' to the nucleotidebinding domain (NBD) for ADP in the crystal structure of inactive NLRC4 (Fig. 2) . Ligand binding normally opens this structure, leading to the exchange of ATP for ADP, thereby promoting oligomerization and inflammasome assembly 12 . Gain-of-function mutations affecting the NBD of the related protein NLRP3 cause constitutive NLRP3 inflammasome assembly, resulting in the production of IL-1β, fever and a spectrum of autoinflammatory disorders-the cryopyrinopathies [13] [14] [15] . These diseases are clinically distinct from the disease in our family as the cryopyrinopathies lack gastrointestinal pathology 16 . npg l e t t e r s
Evaluation of the NLRC4 variant encoding p.Val341Ala in the extended family demonstrated that it occurred de novo in the affected father and cosegregated with the inflammatory disease (Fig. 1a) . None of the five other new variants at conserved positions showed cosegregation with disease or de novo origin. The finding of a de novo mutation in NLRC4, which cosegregates with a consistent clinical syndrome and biomarkers of inflammasome activation, provides strong evidence that the NLRC4 mutation encoding p.Val341Ala causes this syndrome (syndrome of enterocolitis and autoinflammation associated with mutation in NLRC4, or SCAN4).
To evaluate the consequence of the NLRC4 p.Val341Ala substitution, we cotransfected constructs encoding wild-type or mutant human NLRC4 into HEK293 cells along with constructs encoding human ASC and caspase-1 and measured the cleavage of procaspase-1. As anticipated, the cleavage of procaspase-1 was dependent on the presence of ASC (Fig. 3a and ref. 6 ). In comparison to cells expressing wild-type NLRC4, cells that expressed Val341Ala NLRC4 showed a fourfold increase in the spontaneous production of the caspase-1 p35 cleavage product (P = 0.004; Fig. 3a) . Assembled inflammasomes form discrete foci in cells. We counted GFP-tagged ASC foci in cells expressing wild-type or Val341Ala NLRC4. These foci were more frequently present in cells expressing mutant NLRC4 than in those expressing wild-type protein (12.3% versus 7.6%; P < 0.0001) (Fig. 3b) . Multiple ASC foci were not observed in any transfected HEK293 cells.
We investigated constitutive NLRC4 inflammasome activation in macrophages derived from the peripheral blood monocytes of SCAN4 cases (II.3 and III.2) and healthy related (n = 1) and unrelated (n = 4) controls. Without signal 2 (that is, NLR ligand), control macrophages did not form ASC foci nor did they stain with biotin-YVAD-FMK (which binds activated caspase-1; Supplementary Fig. 2a,b) . In contrast, 3.3% of SCAN4 macrophages spontaneously formed ASC foci and 25.9% showed biotin-YVAD-FMK staining, similar to HEK293 cells transfected with construct for Val341Ala NLRC4 (Fig. 3b and  Supplementary Fig. 2a,b) .
We cultured case-derived or healthy donor-derived macrophages for 18 h with signal 1 provocation (1 ng/ml lipopolysaccharide (LPS)). As expected, without signal 2, healthy control macrophages showed no detectable secretion of IL-1β (<1.4 pg/ml) and small amounts of IL-18 (22 pg/ml). In contrast, macrophages from both SCAN4 cases (II.3 and III.2) secreted markedly higher IL-1β (76 pg/ml) and IL-18 (212 pg/ml) levels (P < 0.0001 in comparison to controls for both; Fig. 4a,b) .
We measured cell death-associated lactate dehydrogenase (LDH) release in the same 18-h culture supernatants. Macrophages from SCAN4 cases released more LDH than those from healthy controls (12.3% versus 4.7% of the total LDH released during cell death; P < 0.0001) (Fig. 4c) . Addition of Z-YVAD-FMK, which inhibits the catalytic site of cleaved caspase-1, significantly reduced the secretion of IL1FCs but did not reduce cell death (Supplementary Fig. 3a,b) . npg l e t t e r s Thus, the NLRC4 p.Val341Ala substitution results in gain of function, eliminating the requirement for signal 2 in the activation of caspase-1 and production of IL1FCs. The NLRC4 p.Val341Ala alteration also promotes pyroptosis independently of caspase-1 cytokine processing. We next infected LPS-primed healthy control-or case-derived macrophages with either of two flagellated, TTSS-positive pathogens, S. typhimurium (strain SL1344) or P. aeruginosa (strain PAK∆STY), thus providing both with signal 1 and signal 2 provocation. As anticipated, LPS-primed macrophages from healthy controls secreted abundant IL1FCs and initiated pyroptosis upon infection ( Supplementary  Fig. 4a,b) . Responses were reduced when cells were infected with P. aeruginosa strain PAK∆popD, which lacks a functional TTSS (Supplementary Fig. 4a,b) . In contrast, macrophages derived from SCAN4 cases secreted significantly less IL1FCs upon infection with the pathogenic strains yet showed more cell death than the macrophages from healthy controls (Supplementary Fig. 4a,b) .
Infected macrophages form inflammasomes microscopically identifiable as ASC foci that colocalize with caspase-1. Consistent with published reports using mouse macrophages 9,17 , we found that 93% of S. typhimurium-infected and 97% of P. aeruginosa PAK∆STY-infected macrophages from healthy controls formed 1-3 large-diameter (>1-µm) ASC foci (Fig. 5a, left, Fig. 5b, Supplementary Fig. 5a , left, and Supplementary Fig. 5b ). Most cells infected with S. typhimurium (71%) or P. aeruginosa PAK∆STY (67%) with 1-3 ASC foci showed caspase-1 proteolysis, indicated by diffuse cytoplasmic biotin-YVAD-CMK staining (Fig. 5a, left, Fig. 5c, Supplementary Fig. 5a , left, and Supplementary Fig. 5c ). Consistent with previous reports 17, 18 , ASC foci in most S. typhimurium-infected cells from healthy donors colocalized with aggregates of activated caspase-1 ( Supplementary  Fig. 6) . A small percentage of cells from healthy donors (1.1% of S. typhimurium-infected control macrophages) had >6 ASC foci per cell; 93% of these stained with biotin-YVAD-FMK (Fig. 5a, left,  and Fig. 5c ). None of the P. aeruginosa PAK∆STY-infected cells had >6 ASC foci (Supplementary Fig. 5a, left, and Fig. 5c ). In contrast, macrophages derived from SCAN4 cases more frequently had >6 ASC foci (6.8% for S. typhimurium-infected and 5.6% for P. aeruginosa PAK∆STY-infected macrophages; each P < 0.0001 in comparison to controls). Rare macrophages had more than 20 ASC foci (Fig. 5a,  right, Fig. 5b, Supplementary Fig. 5a , right, and Supplementary  Fig. 5b ). Caspase-1 activation was generally limited in infected macrophages derived from SCAN4 cases. Even in macrophages displaying >6 foci, only 50% infected with S. typhimurium and 44% infected with P. aeruginosa PAK∆STY displayed diffuse cytoplasmic biotin-YVAD-CMK staining (P < 0.0001 and P = 0.0012 in comparison to control cells, respectively) (Fig. 5a, right, Fig. 5c, Supplementary Fig. 5 , right, and Supplementary Fig. 5c ). In contrast to the ASC foci in control cells, those in S. typhimurium-infected cells from SCAN4 cases did not colocalize with aggregates of activated caspase-1 ( Supplementary  Fig. 6 ). Lastly, ASC foci in macrophages negative for biotin-YVAD-CMK staining were significantly smaller than those in cells positive for biotin-YVAD-CMK staining for both healthy controls and SCAN4 cases ( Fig. 5d and Supplementary Fig. 5d) .
These findings describe a previously unreported mendelian autoinflammatory syndrome featuring periodic fever, neonatal-onset enterocolitis and high levels of IL1FCs and demonstrate its causation by a gain-of-function mutation in NLRC4. Like NLRP3 cryopyrinopathies 14 , SCAN4 is associated with the constitutive activation of caspase-1 and production of IL1FCs. In the inhibited, ADP-bound state, Val341 of NLRC4 makes van der Waals contacts with the side chains of an adjacent helix in the HD1 domain, comprising the lid on the nucleotide-binding site. The decreased hydrophobicity of the alteration to Ala341 might reduce this interaction, allowing more movement of helix α12 and promoting the exchange of ATP for ADP, either by favoring the open conformation of NLRC4 or by disrupting the stabilizing interaction of His443 with the β phosphate of ADP (Fig. 2) . Either possibility would promote ligand-independent activation of NLRC4. It is compelling that Canna et al. 19 have identified an independent de novo mutation in NLRC4, encoding a p.Thr337Ser 20 . It is interesting that the marked enterocolitis of each surviving SCAN4 case resolved by 1 year of age. We speculate that the chronic inflammatory state might be exacerbated in the infant gut by constant signal 1 provocation from newly acquired symbionts. As host-microbe interactions mature, the presence of microflora with decreased capacity to induce inflammation might account for reduced gut inflammation 21 .
IL-1β-targeted drugs are approved for the treatment of NLRP3 cryopyrinopathies [22] [23] [24] . We expect that IL-1β blockade will be similarly effective in individuals with SCAN4. Although both surviving members in our family have presently declined interictal therapy, the complementary report by Canna et al. provides evidence for the efficacy of IL-1 receptor blockade 19 .
Macrophages derived from SCAN4 cases show high levels of IL1FC secretion and increased cell death with signal 1, despite the absence of signal 2; addition of signal 2 frequently results in the formation of multiple ASC foci with increased cell death, despite blunted IL1FC secretion. One possible explanation for these observations is that mutant NLRC4 promotes traditional inflammasome assembly in the absence of signal 2 provocation but intracellular ligand binding promotes the formation of ASC foci that lack activated caspase-1, resulting in smaller structures with an impaired ability to produce cytokines. This proposal is supported by findings from experiments in mice with mutated inflammasome components 6, 9, 10 , which demonstrated defective cytokine processing yet intact pyroptosis. Modulating the balance between cytokine production and pyroptosis might determine the distinct states of subclinical autoinflammation, periodic fever, and fatal or near-fatal autoinflammation seen in individuals with SCAN4.
MeTHODs
Methods and any associated references are available in the online version of the paper.
Accession codes. The NLRC4 mutation encoding p.Vall341Ala has been deposited in the NCBI ClinVar database under accession SCV000172282. 
